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1 Introduction 
An early diagnosis generally increases the chances of successful treatments. For these reasons, 
biosensing systems have started to emerge in the 1950s with Clark’s first biosensor for oxygen 
quantification in blood that has led to the modern glucose sensor used by millions of 
diabetics.[1] Nowadays more technological inventions have been developed and have led to the 
next generation of biosensors: to only cite a few, portable assays, DNA chips, aptasensors, 
enzyme-based biosensors, immunosensors, lab-on-a-chips, microfluidics, medical wearables, 
and wireless sensor networks.[2] One common point of these technologies is their limitation to 
a two-dimensional detection (2D). In 2D detection systems, protein stability and conformation 
are at risk. Furthermore, they display a limited loading capacity, which leads to a lower 
sensitivity.[3] This makes the immobilization of molecules and biomolecules on the surface 
more of a challenging task because the stability of the biomolecules and the loading capacity 
influence the performance of the sensor.[4] As the integrity of the capture biomolecule is of a 
key importance in such application, an immobilization strategy that also takes the 
microenvironment of the capture molecule into account is critical.[3]  
Three-dimensional (3D) matrices where biological entities are immobilized have 
gained in popularity in the past few years as extracellular matrices, biomolecules delivery 
systems, or in sensing applications.[5] The main advantage of hydrogels is their ability to 
provide a compatible environment for biological entities and surface chemistries that are 
adequate for proteins. Furthermore, their aqueous pores can host more biomolecules, without 
any conformational change in proteins. Their large surface area confers in principle a higher 
loading and binding capacity.[6] Therefore, hydrophilic matrices can provide a natural 
environment for immunological species but also for cells.[7]  
Cell culture is now a standard method in the field of biology. Harvesting cells is needed 
in many fields of research from simple cytocompatibility tests to tissue engineering, cell-based 
therapy, and regenerative medicine.[8] For a few years now, these techniques are more and more 
in demand due to their high potential to cure diseases, to improve medical conditions, and to 
solve defects in human body. Especially, techniques that use human mesenchymal stem cells, 
multipotent cells that can differentiate into a large variety of cells have become increasingly 
developed.[9] Hydrogels are appealing as a material for building scaffolds since they have a 
structure comparable to extracellular matrices of tissues with a naturally hydrated state and can 
be tuned to give certain mechanical properties, biocompatibility, biodegradability, and 
morphology. They can be formed in mild conditions, they are relatively easy to deliver non-
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invasively, which makes them an appropriate material to address issues in applications such as 
biological designs for engineering tissue replacements or for delivery.[10]  
In this thesis, the advantages of three-dimensional systems for biomedical applications as 
well as their mechanical properties are explored. Hence, the formation of soft bioactive bio-
orthogonal hydrogels is presented for three different applications: biosensing, bio-responsive 
systems, and tissue engineering. The aim is first to address the need for an alternative efficient 
immunoassay with a bioactive three-dimensional network. Another goal is to build a 
bioresponsive hydrogel system towards small molecules but especially towards a bigger 
biospecies. The third purpose is to develop a more proficient human mesenchymal stem cells 
culturing system. Therefore, all three concepts will be introduced in the background part of this 
work.    
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2 Background  
2.1 Hydrogels 
2.1.1  Definition  
Hydrogels are hydrophilic polymer networks capable of swelling in the presence of water or 
any aqueous medium.[11] Natural hydrogels can be found in the body such as in the blood vessel, 
in the kidney, on the surface of the stomach, intestines, and lungs.[12] Synthetic hydrogels are 
achieved by simple reactions of one or several natural, synthetic, or hybrid monomers, 
polymers or crosslinker units. Since the pioneering work of Wichterle and Lim on the synthetic 
network based on poly-2-hydroxyethylmethacrylate (PHEMA) obtained via co-polymerization 
of triethylene glycol monomethacrylate with triethylene glycol dimethacrylate, different 
varieties of hydrogels have been synthesized and used for biomedical applications.[13] A 
classification of hydrogels is based on their preparatory routes being either chemical or 
physical/self-assembled crosslinking and further based on their physical properties as described 
in Figure 1.[14] 
 
Figure 1. Classification of hydrogels and their applications. Inspired from ref. [14a]. Copyright 
© 2017 Elsevier. 
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2.1.2  Chemistry of Hydrogel Formation 
Hydrogels are hydrophilic polymer networks. Therefore, any strategy to obtain a crosslinked 
matrix can be used to obtain such material. Hydrophilicity is enhanced by water-solubilizing 
functional groups (-OH, -COOH, -CONH2, -SO3H).
[15] Synthesis can be performed in solution, 
gas phase, emulsion, suspension, by plasma, or bulk polymerization.[16] Many strategies are 
readily available in the literature and some typical routes are being reported below with a 
special focus on biomedical applications. For this field, reactions should occur at mild and 
aqueous conditions without any toxic side products or high temperature.[17]  
 
Free Radical Polymerization Between Monomer and Cross-Linking Agent 
Free radical polymerization is among common methods utilized to generate a three-
dimensional crosslinked structure over other methods of hydrogel formation due to the several 
advantages that they offer. Free radical polymerization is characterized by a high reactivity and 
a large variety of functional groups as well as the possibility of reaction in aqueous conditions. 
This category can also be classified in copolymerization, homopolymerization, and 
multipolymer- interpenetrating polymeric hydrogels.[18] 
Homopolymeric hydrogels are generated by a unique monomer, in the presence of an 
initiator (as an example, 2,2′‐azo‐bisisobutyronitrile (AIBN)) and a chemical crosslinker (e.g., 
an acrylamide free radical).[19] For example, F. Liu et al. have used N,N′‐
methylenebis(acrylamide) as a chemical crosslinker to form the first example of hydrogel 
networks showing reversible positive swelling behavior in water and electrolyte solutions.[20] 
Copolymerization involves at least two different monomers with at least one 
hydrophilic monomer. The resulting polymer chains are further classified as random, block, or 
alternating copolymers.[21] For example, M. Zhou et al. have produced a pH-temperature dually 
sensitive hydrogels for drug release applications with the copolymer poly[N,N‐
dimethylaminoethyl methacrylate‐co‐poly(poly(ethylene glycol) methyl ether 
methacrylate)(poly(DMAEMA‐co‐MPEGMA)).[22]  
Interpenetrating polymer networks (IPN) or semi-interpenetration polymer networks 
(Semi-IPN) are hydrogels composed of two independently crosslinked hydrogels or one 
crosslinked hydrogel with one non-crosslinked hydrogel, respectively.[23] These types of 
networks are more and more used in the biomedical field as they offer several properties in 
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only one system: reinforced mechanical properties, improved stimuli responsiveness, and tuned 
physical properties.[24] This technique, for instance, has allowed the fabrication of dually 
responsive hydrogels by mixing pectin and poly(acrylamide-co-acrylamidoglycolic acid).[25] 
Synthesis in solution or suspension polymerization are the most frequently used 
methods for free radical polymerizations, where solution polymerization lead to bulk and 
variously shaped hydrogels, while suspension gives round and spherically shaped hydrogels.[26]  
 
Chemical Reaction of Complementary Groups 
Direct reactions between functional complementary groups can be utilized to form hydrogels. 
A few examples of reactions for this type of hydrogel formation are reported.  
Click reactions of alkyne, cyclooctyne, or oxanorbornadiene with azide, Cu-catalyzed 
or not, consists in a cycloaddition of azide with alkyne or cyclooctyne to form a triazole ring, 
with a strain-promoted reaction (copper-free reaction) in the case of the cyclooctyne.[27] A 
specific example is a reaction of difluorinated cyclooctyne with azide, where the reaction is 
facilitated by the ring strain and the electron-withdrawing difluoride.[28] Click reactions have a 
high efficiency and high selectivity, without any formation of by-products. They also occur in 
aqueous conditions and an add-on is the bioorthogonal nature of the reaction, which prevents 
the formed network from interacting with biological species making them ideal for biomedical 
applications. As an example, C. A. DeForest et al. have reported a peptide-functionalized-
hydrogel with tunable mechanical properties for cell culture using difluorinated cyclooctyne 
and azide click strategy.[29]  
Michael addition (reactions of maleimide, vinyl sulfone, acrylate, methacrylate with 
thiol) is a 1,4-addition of nucleophiles to α,β-unsaturated ketones or esters, a reaction with high 
efficiency that occurs in aqueous conditions.[30] The advantage of Michael addition is the 
absence of side products. Typically, nucleophiles are multi-terminated macromolecules with 
thiol or amine groups, whereas electrophiles are alkene functional groups with adjacent groups 
having electron-withdrawing capability. Surfactants can be used to enhance the kinetics of the 
reaction, depending on the electron deficiency of the alkene.[30]   
Another method for the synthesis of hydrogels is a Schiff-based formation (reaction of 
aldehyde with amine, hydroxylamine, or hydrazide to form an imine, hydrazine, or oxime 
linkage).[31] The reaction rate can be tuned with the pH and one characteristic of this reaction 
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is that aldehyde-containing compounds can react with the amine of biological species for 
biomedical applications.[32] For example, T. Hozumi et al. have proposed an injectable 
degradable hydrogel using gelatin and hyaluronic acid. Hydrazine linkage is labile and 
reversible by hydrolysis, and the stability of an imine is quite low compared to, for example, 
an oxime linkage. The stability of the bonds will determine the stability of the hydrogels. There 
is a possibility to reinforce the hydrazone linkage by distributing the charge around the 
hydrazine moiety.[33]  
Furthermore, thiol-ene/yne coupling (reaction of alkene/yne, norbornene with thiol) is 
often used in hydrogel formation.[34] The initiation of the radicals can be done by various 
methods, namely, thermally, photochemically, or by oxidation reduction.[35]  
Another main strategy used to form hydrogels for biomedical applications are Diels 
Alder reactions (reaction of norbornene, trans-cyclooctene with tetrazine, or reaction of furan 
with maleimide). This type of reaction is rapid, highly selective, effective, and forms a robust 
linkage.[36] For instance, L. J. Smith et al. have synthetized hydrogels by Diels-Alder click 
reaction for cell encapsulation applications.[37]   
Moreover, disulphide formation (reaction of thiol with another thiol) is used as well.[38] 
They are obtained by simple oxidation of thiol groups, but the main disadvantage of the method 
is a low stability of the hydrogels in the presence of reducing agents or certain enzymes.[39] 
Finally, epoxide reactions (reaction of epoxide, diepoxide with amine or thiol) can be 
utilized. This type of reaction is insensitive to oxygen conditions and the epoxy species as 
electrophiles react with nucleophiles such as thiol groups, carboxylic acids, or amines.[40] 
 
2.1.3  Hydrogel Properties  
Swelling 
The swelling property of a hydrogel is influenced by different parameters: the network density, 
the solvent’s nature and the molecular weight between two crosslinking points.[41] Different 
osmotic pressure present in the hydrogel and in the aqueous environment results in the swelling 
of hydrogels. The response of the polymeric network is an elastic stress during the stretching 
of the polymer chains.[42] Because water is considered as a plasticizer in a hydrophilic polymer 
network, the swelling can be considered as a rubbery state. The Flory-Rehner equation 
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therefore describes it with the equilibrium status of the swollen state characterized by the Gibbs 
free energy, given by two components: one characterizes the thermodynamic force of mixing, 
which favors swelling, and is balanced by the stored force by the polymer chains that hinders 
swelling, as described by Equation (1), where ΔGmixing (entropic component) results from 
mixing of, e.g., water and polymers, while ΔGelastic (enthalpic component) is the result of the 
extending polymer chains in the presence of water molecules.[43] 
(1) ΔGtotal = ΔGelastic + ΔGmixing 
At the beginning of the swelling, ΔGmixing << 0, ΔGelastic > 0, and ΔGtotal > 0. During the swelling, 
both components increase until |ΔGmixing| = |ΔGelastic|, ΔGtotal =0, at equilibrium, with the chemical 
potential inside the gel being the same as outside the gel.  
The swelling can be calculated and given by the degree of swelling, also called swelling 
ratio, given by Q in Equation (2):  




wwet being the weight of the hydrogel in swollen state and wdry being the weight of the hydrogel 
in dry state.  
 
Mesh Size 
The diffusion properties in a hydrogel are due to the spacing in a hydrogel also characterized 
as “pores.”[6] According to the pore size, the hydrogels are either called “macroporous”, 
“microporous”, or “non-porous”. The mesh size, characteristic of the pore, is given by the 
parameter ξ defined by the linear distance between two crosslinks (Equation 8). The mesh size 
ξ is given from the rubber elastic theory using the following equations:[44]  
The shear stress τ is given by the Equation (3).  
















ρ: polymer density, 𝑴𝒄̅̅ ̅̅  : molecular weight between crosslinks, 𝑴𝒏̅̅ ̅̅ ̅ : average monomers 
molecular weight, ν2,s : polymer volume fraction in the swollen state, ν2,r the polymer volume 
fraction in the relaxed state, α the elongation ratio, T: the absolute temperature and R: the 
universal gas constant,. The volume fractions are obtained with Equation (4): 









with Qs and Qr the respective swelling ratios. The shear modulus G is given by Equation (5): 









































Gs and Gr being the equilibrium shear modulus and relaxed shear modulus, respectively. 
Finally, the mesh size is given by Equation (8): 







where l is the bond length along the polymer backbone, Cn the Flory characteristic ratio, Mr the 
molecular weight of the repeating unit.  
 
Mechanical Properties 
Mechanical properties are of a tremendous importance in biomedical applications.[45] The 
mechanical characterization of the biomaterial is essential to predict the behavior of biological 
entities at the interface.[46] For instance, mechanical properties need to be tuned to get optimal 
materials for wound dressing applications and matrices for drug delivery, tissue repair, tissue 
replacement, and biosensing.[47] As an example, in drug delivery, the hydrogels should be such 
that it maintains its stability during the process of delivery for a determined period of time 
before releasing the therapeutic entity at the targeted region. Getting the desired mechanical 
property is achieved by modifying the crosslinking density, the number of hydrogen bonding 
or the molecular weight.[48] Mechanical properties of hydrogels are determined in the linear 
viscoelastic range, giving the Young’s Modulus, and based on Flory’s theory, the crosslinking 
density and the average polymeric mesh size can be obtained.[49] 
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Biocompatible Properties  
Biocompatibility is the property of not producing a toxic or an immune response when exposed 
to the body or a body part. This represents a key feature for materials used in biomedical 
applications.[50] This property is mainly influenced by the nature of the molecules in 
presence.[51] To prove the biocompatibility of a material, in vitro cell culture tests are usually 
performed, also known as cytotoxicity tests.[52] Most issues of hydrogels are associated with 
toxicity due to unreacted monomers, oligomers, or initiators leaching out of the system.[53] 
 
2.2 Polyethylene Glycol for Biomedical Applications  
Polyethylene glycol (PEG) is a hydrophilic neutral polyether available in a variety of molecular 
weights.[54] This molecule has been popular among the biomedical community due to a broad 
range of advantages.[55] PEGs are inert to cells and non-toxic to active proteins.[56] They can be 
chemically modified to bind other molecules without having any effect on their chemistry. In 
addition, their solubility and size are tunable.[56] They can be anchored on surfaces and have 
been utilized in purification of proteins and nucleic acids. In combination with dextran, PEGs 
form a two-phase system in buffer usable for purification of biological species.[57] Furthermore, 
previous findings have suggested that PEGs interact with cell membranes and give cell fusion 
which is also an interesting feature in biotechnology.[58] PEGs have also been utilized to 
stabilize serums by conjugation of PEGs with proteins.[59] Finally, when PEGs alone are 
attached on a surface, no protein adsorption is observed, giving the anti-fouling property to the 
surface.[60] Since these findings, PEG has become the benchmark for anti-fouling material. 
Hetero- and homo-functional PEG derivatives are suitable crosslinking agents or spacers, 
where monofunctional PEG prevents bridging reactions.[55] Multi-armed PEG derivatives are 
commonly used in the formation of hydrogels.[61] Applications for PEG encompass drug 
release, development of medical devices, regenerative medicine, cell culture, wound dressings, 
targeted diagnostics, and many others.[62] Though, immunological recognition of PEG upon 
several exposures can represent a major drawback for some in vivo applications.   
 
2.3 Dendritic Polyglycerol for Biomedical Applications 
The control at the bio-interface of materials is crucial especially in biomedical applications.[63] 
For this aim, coatings are often used on devices to prevent unspecific interaction with the 
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biological surroundings but simultaneously allowing specific biological interactions.[64] From 
many studies, polyethylene glycol-based material became a feature standard as anti-fouling 
material (PEG as linear polyols). However, some drawbacks such as biocompatibility and a 
poor number of functionalities remain. In the same category of polyols, hyperbranched (hPG) 
or dendritic polyglycerols (dPG) (Figure 2) represent good candidates as they offer a broader 
range of functionalization due to the several hydroxyl groups exposed at the end of the 
branches.[65] dPG is prepared by ring-opening, anionic, multi-branching polymerization, 
obtained with a narrow polydispersity.[66] In addition to being highly biocompatible, they also 
have no interaction with proteins, which allows a strong stability of immobilized proteins in 
dPG-based matrices. This high biocompatibility of PG has allowed one to build different 
systems for diverse applications in the biomedical applications, for example, in 
pharmaceuticals, additives, tissue engineering, medical devices, drug delivery, to cite only a 
few.[67]  
 
           
Figure 2. dPG (left) and hPG (right) molecules. Modified reprint with permission from ref. 
[67a] Copyright © 2009 Wiley-VCH Verlag GmbH & Co. KGaA. 
 
2.4 Other Polymers for Biomedical Applications 
Biomaterials can be formed from natural or synthetic polymers.[68] Natural polymers are 
divided into three categories: proteins (silk, collagen, fibrin), polysaccharides (hyaluronic acid, 
alginate, and chitosan), and polynucleotides (DNA and RNA).[69] For the most common 
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synthetic polymers, polyesters, for example, poly(lactic acid), poly(glycolic acid) and 
poly(lactic-co-glycolic acid) or polycaprolactone are used to form hydrogels, other examples 
are polyurethanes.[70]  
 
2.5 Click Reactions in Materials Science 
The goal of material scientists has been so far to build a final material derived from reactions 
as simple as possible as well as fully efficient. The aim is to develop performant devices or 
structures. They are looking for specific mechanical, physical, and morphological behavior, for 
instance, stiffness, thermo-responsiveness, and roughness and, at the same time, (bio)chemical 
properties such as surface energy, chemical functionalities, biocompatibility, and 
biodegradability.[71] Designing a chemical strategy has been motivated by the need to get these 
above-mentioned performances. This is how the concept of “click” reaction was first 
introduced in 2002 by Sharpless et al.[72] Their argument was the possibility to go through a 
route of several simple reactions to get the same natural products obtained via synthesis 
involving many complicated purification steps, protecting groups, and many reactions steps.[73] 
These reactions are orthogonal, simple to purify and affords high yields.[71] This toolbox now 
also allows reversible click reactions.[74] Common click reactions are reviewed below 
(described in Figure 3).  
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Figure 3. Summary of the common click reactions used for biomedical applications. Modified 
reprint with permission from ref. [71] Copyright © 2014 Wiley-VCH Verlag GmbH & Co. 
KGaA. 
 
Azide-Alkyne Cycloaddition  
Click reaction of azide to alkyne has started with a [3+2] cycloaddition between both species 
to yield 1,2,3-triazole at high temperatures. The drawback of this reaction is that it gives side 
products affording both 1,4 and 1,5 regioisomers. To optimize the reaction, instead of using 
heat, Cu(I) was introduced to catalyze the reaction and this was called CuAAC. The reaction 
is selective, yielding only the 1,4-regioisomer. However, Cu(I) is thermodynamically unstable, 
affording Cu(II) and Cu(0), especially Cu(II) by oxidation. To circumvent the issue, Cu(I) is 
generated from Cu(II) by using a reducing agent (ascorbate). Another catalyst can be ruthenium 
(II) but yielding the 1,5-disubstitued 1,2,3 triazole regioisomer. However, Cu is cytotoxic and 
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therefore ring strain strategy has emerged to tackle the use of Cu. As an example, 
fluorosubstituents of cyclooctyne combines the ring strain and electron withdrawing property 
and this allows a rapid reaction in the absence of heat and any catalyst. Another strategy is to 
incorporate sp2 centers to the cyclooctyne ring with dibenzocyclooctyne, which has the same 
reaction rate as with the fluorinated cyclooctyne. These reactions are irreversible and yield 
chemically inert and thermally stable products in normal conditions but reversible under 
ultrasonification.[72]   
 
Thiol-Ene/Yne/Isocyanate Click Reaction  
Thiol-ene reactions are the most common click reaction in the family of thiol reactions. Two 
types of reactions are possible: a radical mechanism or a nucleophile-mediated mechanism. In 
the first option, the reaction is initiated by the formation of radicals by light or higher 
temperature. Then, a thiyl radical is added to an alkene. A carbon-centered radical is 
subsequently produced. A hydrogen is abstracted by the radical from a thiol compound yielding 
a thioyl radical and a thioether. This is optimal when using an electron-rich alkene group (allyl 
ether or simple alkene).  This reaction is water stable as well as oxygen inert due to the peroxy 
radical’s ability to abstract a hydrogen from a thiol but in the condition that the concentrations 
of initiator, oxygen, and any source of chain transfer are optimized (solvent, initiator 
concentration), uniform light intensity, and a low level of oxygen). The same is applicable to a 
thiol-yne reaction where each alkyne reacts with two thiols yielding a dithioether. However, 
undesired products appear due to radical-radical coupling reactions during the process. Besides, 
nucleophile-mediated click reactions involve thiols or electron-poor vinyl groups (acrylates, 
vinyl sulfones, maleimides). This reaction generates a carbon-centered anion that represents 
the strong base and produces a thiolated anion, which then initiates the thiol-Michael addition 
catalytic cycle that does not yield any side product. Thiol-isocyanate is also another type of 
click reaction with high yield producing thio-urea products.[71, 75] 
 
Diels-Alder Cycloaddition 
Diels Alder is a robust pathway that uses a diene and a dienophile to form a cyclohexene 
derivative and this reaction is thermally reversible. Inverse electron demand Diels-Alder 
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consists in a reaction between a strained alkene or alkyne and a tetrazine to yield a 
dihydropyridazine or pyridazine.[76] 
 
Tetrazole Cycloaddition and Nitrile Oxide Cycloaddition 
Another example of 1,3-dipolar cycloaddition reaction is between a 2,5-diaryl tetrazole and an 
alkene. Upon irradiation, the 2,5-diaryl tetrazole releases a N2 molecule to yield a nitrile imine, 
which then reacts with the alkene.[71] 
 
Oxime/Hydrazone Formation  
The chemoselective oxime-hydrazone formation reaction can be used with functional groups 
of biomolecules. The advantage is the mild and rapid approach, but the stability of the linkage 
is relatively limited. Aldehydes or ketones and nucleophilic amines give a reversible imine 
bond by condensation reaction. The reactivity of aldehydes is more important than ketones 
because of steric effects. For example, the reaction between a hydroxylamine and hydrazide 
affords an oxime and hydrazine products.[73]  
 
2.6 Antibody-Antigen  
2.6.1 Antibodies 
Antibodies (Ab) also known as immunoglobulin (Ig) are glycoproteins in Y-shaped with a large 
molecular weight. They are mainly produced by B-cells of the immune system. An Ab 
recognizes a unique molecule of a pathogen, called an antigen, via the fragment binding antigen 
variable region (Fab). Each part of the Y shape contains a paratope, which is specific to one 
epitope of an antigen (Figure 4). This complex formation may hinder the biological process 
that might cause disease. It might also activate macrophages to engulf and destroy the 
pathogen. The communication of the Ab with the rest of the immune system is mediated by the 
Fc region at the base of the Y shape, since it contains a glycosylation site involved in the 
communication process. Antibodies can be either soluble, destined to be secreted in the blood 
plasma, or attached to the surface of a B-cell which refers to a B-cell receptor (BCR). These 
will be involved in future recognition, also part of the immune memory process. [77] 
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Figure 4. Schematic representation of an antibody and its interaction with an antigen. 
 
The structure of an Ab can be divided into two components, two large heavy chains and 
two small light chains (Figure 4). The Fc region of antibodies are divided in five types, which 
allows the classification of Ab into five isotopes. Different isotopes have different roles and 
direct in different ways the appropriate immune response for different types of foreign bodies. 
As an example, the IgE isotope is responsible for the recognition of allergens that triggers a 
histamine release and mast cells’ degranulation. Although Abs of different subclasses have 
similar structures, the small regions have highly variable structures. This region is called 
hypervariable region. Each variant can bind a different antigen and the diversity allows  
recognition of a myriad of antigens followed by a mutation in the antibody gene, which then 
creates more diversity. Ab also can change one type of the heavy chain Fc fragment to another, 




The synthesis of peptides is done by condensation reaction of the amine group with the 
carboxyl group of each amino acid. Strategies such as protecting groups are often useful to 
prevent side reactions with the numerous amino acid on the side chains present. Typically, the 
synthesis starts at the carboxyl end of the amino acid. The chemical synthesis of peptides is 
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done by solid-phase technique (SPPS) in research and development but, in large scale industry, 
solution-phase synthesis is more useful.[79] SPPS consists in a rapid assembly of amino acids 
on an insoluble porous support. It is one repeated cycle of deprotection and coupling reactions. 
The support (gel-type, surface-type or composites) is usually a small, polymeric resin beads 
that are functionalized with reactive groups (amines, hydroxyl groups). These reactive groups 
covalently attach the peptide chain to the support. Washing and filtration removes excess 
reagent or side products. Protection (Boc (acid-labile) and Fmoc (base-labile)) at the N-
terminus of each amino-acid that is going to be coupled to the peptide. After each reaction, the 
resin is rinsed. The amino acid is attached to the resin. After that, the amine is deprotected. 
Subsequently the deprotected amine is attached to the free acid of the other amino acid. This is 
repeated until the desired sequence of the peptide is obtained. The last step consists in cleaving 
the peptide from the support and simultaneously removing the protecting groups with strong 
acids (trifluoroacetic acid or a nucleophile). Precipitation of the crude product is perfomed from 
with a non-polar solvent such as diethyl ether to remove any byproducts. The purification of 
the peptide is done by HPLC. The longer the peptide is the more byproducts must be purified, 
which makes the process more challenging. Alternatively, continuous chromatography 
processes could be used. SPPS is limited to low yields and the synthesis process is sequence-
dependent, making some peptides difficult to make.[80]  
 
2.6.3 Viruses  
Viruses are pathogens that can only replicate inside living cells. They are infectious to all kind 
of living beings, from animals, bacteria to plants.[81] There are five thousand viruses described 
and known but in reality there are millions of types. Therefore, the virus is the most versatile 
form and numerous of biological entity. Viruses are called virions or virion particles when 
outside a cell and exist as particles. They consist in a genetic material (DNA or RNA) 
surrounded by a protein coat (capsid), which protects the genetic part, and for some virions, an 
envelope of lipids around the capsid. They are shaped in helical or icosahedral but more 








Figure 5. On the left, ribbon diagram of an uncleaved hemagglutinin monomer of a H1N1 
Influenza A virus. The head is made-up of sialic acid receptor-binding site, surrounded by five 
predicted antigenic sites (Sa, Sb, Ca1, Ca2, Cb). The stem consists of helices A and B and the 
fusion peptide. On the right, schematic representation of the virus and cell wall interaction 
during infection. Copyright © 2008 Elsevier Ltd. Copyright © Division of Avanced Education 
in Sciences, Komaba Organization for Educational Excellence, College of Arts and Sciences, 
University of Tokyo.   
 
The morphology of the envelope of the virus can be spherical or filamentous and the 
virus is generally ellipsoidal with a size around 80 to 120 nm or if filamentous, 80 to 120 nm 
in diameter and up to 20 µm in length.[83] The main glycoproteins, hemagglutinin (HA), are 
irregularly distributed with neuraminidase (NA), with a ratio HA to NA of around 5 to 1. HA 
and NA play a role in the entering and release of the virus in and out the cells to be infected. 
NA is an enzyme involved in the release of the virus from infected cells. NA hydrolyzes the 
ethers or glycosidic linkages between the sialic acid and the glycan present on the cell surface, 
normally galactose or N-acetylgalactosamine). The virus enters the epithelial cells in the lung 
and in the throat by endocytosis. HA is a lectin that serves as mediator of the binding event 
between the virus and the target cell and the viral genome entry into the cell through binding 
to sialic acids (Figure 5).[84]   
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2.7 Antibody-Peptide-Based Biosensors (2D and 3D) 
2.7.1 Definition and General Information 
The detection of Abs to prevent infectious diseases has been used for many years now. For 
example, bacteria-specific Abs (IgG and IgM isotopes) have been used to detect bacterial 
infections in serum of patients.[85] This technique is very useful in the case of viral infections 
such as hepatitis, rabies, herpes virus, and others.[86] The same applies for parasites that lead to 
diseases such as malaria and toxoplasma-allergen specific IgEs.[87] The method also serves to 
observe the success of immune therapy, with, e.g., venoms from several animal species.  
Another type of disease relevant for antibodies detection are auto-immune diseases, where the 
measurement of Abs shows abnormalities and serves as prediction and diagnosis tools. An 
example of such disease, where the immune system recognizes its own healthy tissues and 
organs as pathogens, is Hashimoto’s thyroiditis disease with circulating Abs against 
thyroglobulin and myasthenia gravis with auto-Abs against acetylcholine receptor. Other 
examples are rheumatoid arthritis, scleroderma, affecting the joints, the skin, involving 
antibodies against antigens (DNA, RNA, or histones).[88]  
The current clinically used antibody detection methods are mainly immunoprecipitation 
assay, immunocytometry, immunoblotting, and immunosorbent assays. 
   
Immunoprecipitation Assays 
Immunoprecipitation assay is an in vitro assay for a semi-quantification of antibodies. The 
principle of the method is the addition of the antigen to the Ab. As a result, this forms a complex 
aggregate that precipitates and is detected through a nephelometer (instrument that measures 
the concentration of suspended particulates in a liquid or gas). Another variation of this method 
is called hemagglutination assay where the Abs are identified by red blood cell antigens.[89] 
 
Immunocytometry  
Immunocytometry is a detection method of the complex antigen/Ab in tissues. The tissues are 
isolated, fixed, or frozen. They are cut into slices before immobilization on a slide. They are 
incubated with the Ab solution for the detection of the antigen in the tissue. In a direct assay, 
fluorescently labelled primary antibodies are directly detected by fluorescence microscopy. In 
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an indirect assay, the tissue is further incubated with a secondary antibody which have the 
fluorescent species while the primary antibody is non fluorescent.[90] 
 
Immunoblotting  
In immunoblotting or dot-blot technique, the Ab-antigen complex reacts on a solid phase 
(nitrocellulose membranes). The antigens are applied on the membrane and subsequently dried. 
After that, to avoid non-specific adsorption, it is necessary to add gelatin, ovalbumin, or milk 
proteins (blocking step). The membrane is then incubated with different concentrations of the 
serum containing Abs, which are conjugated with an enzyme. A substrate is then added, which 
is converted by the enzyme attached, yielding a color or a light-emitting spot. The 
concentration is proportional to the intensity of the spots.[91] 
 
Immunosorbent Assays  
IgG and IgE are often assessed by immunosorbent assay (IA). The concept is very similar to 
immunoblotting. Yet this technique can quantify the number of antibodies better. The antigen 
is attached to an inert substrate (vial, well plate, paper disc). The serum of a patient is incubated 
with the antigen carrying substrate allowing the binding Abs-antigen. After removing the 
excess serum, a secondary antibody is added. This forms a complex with the previous one. 
After another washing, a standard curve with different known concentrations of antigens will 
allow it to quantify them by comparing the signal with the one of the standard curves permitting 
the quantification of the antibodies. One of the most used one is the so-called ELISA (enzyme-
linked immunosorbent assay).[92]  
The common point of these methods is to detect in a 2D fashion, where either the 
molecule of recognition is immobilized on a plain surface or in solution, where antibody and 
antigen form a complex that is subsequently detected. In both cases, the stability of the proteins 
is at risk, where a conformational change can occur, or a loss of function and denaturation.[93] 
The immobilization step is also crucial, where the epitopes should not be altered.[94] 
Furthermore, the epitopes should be available for the binding reaction with the antibodies.[95] 
Unspecific binding and biomolecules denaturation, conformational changes are likely to 
happen in the case of a direct immobilization of biomolecules through covalent or electrostatic 
interactions on a surface, as well as a poor orientation. Unspecific binding on the surface can 
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be caused by polar and non-polar residues, for example, or ionic and hydrophobic 
interactions.[96] In case of possible unspecific bindings, blocking steps in the assay are often 
used such as in the gold standard ELISA.[97] In this assay, protein stability, high background, 
cross-reactivity, low loading capacity and sensitivity still need to be improved.[98]  
 
2.7.2 Biosensing Principles 
A biosensor is an analytical device composed of a biological component (recognition element) 
and a physico-chemical detector (transducer). The biological element can be tissues, 
antibodies, enzymes, cell receptors, nucleic acids, a biological natural element, or a biomimetic 
element that is going to interact with the element to be detected (called analyte), described in 
Figure 6. The transducer is divided into subclasses depending on the method of detection; it 
can be optical, electrochemical, amperimetrical, electro-chemiluminescent, piezoelectrical, and 
so on. This will transform the biological signal into another signal that can be detected and 
quantified via the transducing element. This part will also determine the sensitivity of the 
biosensing method. A subclass of biosensors is the immunosensors. They utilize the very 
specific interaction between Abs and antigens, and in combination with a tracer (fluorescence 
molecule, enzyme or radioisotopes) can generate a readable signal.[99] 
 
Figure 6. Representation of a biosensor. A basic biosensor is composed of a transducer with 
an output system, a biomolecule of recognition and the aim is to sense and quantify the analyte. 
Reproduced with permission from ref. [100]. Copyright © 2019, Emerald Publishing. 
There are three generations of biosensors. First generation of biosensors detects the 
increase of products or the decrease of reactants using natural mediators for electron transfer. 
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One main example is by Clark et al. (1962) measuring blood oxygen content by mixing the 
blood with an hemolyzing solution (acid) and the content of released carbon dioxide and 
oxygen are measured. The carbon dioxide content was measured by diffusion of the acidic 
solution through a membrane into an alkaline solution. Furthermore, the glucose content is then 
monitored by the drop in pH of the solution. By using a hydrophobic membrane, the amount 
of glucose was determined by the reduction of dissolved oxygen concentration.[101]  
Second-generation biosensors use redox mediators for a better sensitivity compared to 
the first generation. Some examples of mediators are organic dyes, ferrocenes (effective), 
quinones (biocompatible, simple synthesis, functionalization), and ferro-/ferricyanides 
(cathodic electron acceptor, rapid reaction, reversible).[102]  
In third-generation biosensors, redox enzymes are fixed on the electrode surface which 
allows a more rapid electron transfer between the enzyme and the transducer.[103]  
Biosensor materials are growing rapidly due to their potential in early-stage detection 
of disease and monitoring. They are used in many applications such as agriculture, 
environment, food quality, and security among others. For such devices to be effective, some 
criteria are needed, such as selectivity, specificity, high sensitivity, short time of detection, low 
limit of detection (LOD), and good precision.  Selectivity is the ability of the device to detect 
the analyte in the presence of interferences (other unspecific biomolecules). The detection 
process should be precise with a high sensitivity (slope of the calibration curve). The LOD is 
the minimum amount of analyte that gives an identifiable output signal different from the blank. 
The LOD is dependent on the affinity of the analyte to the molecule of recognition, which is 
characterized by the dissociation constant Kd, where a low LOD requires a low Kd, meaning 
that the affinity of the biomolecules is high. Response time should be as quick as possible, 
which is defined by the time needed for the system to come into equilibrium (Figure 7). Some 
other parameters are also desired in biosensing such as a long shelf lifetime (time that the 
biosensor remains usable), good reproducibility and stability, low price, small size (miniature), 
good signal-to-noise ratio, user-friendly, and reusable. [100, 104]   
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Figure 7. Summary of the main characteristics of a biosensor. (a) LOD, linear range, and 
sensitivity, (b) selectivity with a system selective to analyte 2, as an example, (c) response time, 
and (d) reusability and shelf life. Reproduced with permission from ref. [100]. Copyright © 2019, 
Emerald Publishing. 
 
2.7.3 Fluorescence Biosensors 
Fluorescence biosensors utilize fluorescence as transducing technique and measure the 
concentration of an analyte tagged with a fluorophore.[105],[106] Fluorescence is the property that 
fluorophores or fluorescent dyes (heterocycles, polyaromatic hydrocarbures) possess. 
Fluorescence results from a three-step process: excitation, excited-state lifetime, and 
fluorescence emission. The phenomenon is described in the Jablonski diagram (Figure 8). 
Basically, fluorophores can emit a photon shortly after absorbing one with a higher wavelength. 
In the first step, a photon of an energy hvex is emitted by an external source (lamp, laser) and 
absorbed by the fluorophore, which creates an excited electronic singlet state (S2).  In the 
second step, the excited state remains for a small time (typically 1-10 nanoseconds) during 
which conformational changes occurs in the molecule. At this stage, S2 is partially dissipated, 
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yielding a relaxed singlet excited state (S1) from which fluorescence emission occurs (S1 → 
S0). When excited by absorption, not all molecules return to the ground state S0 (by 
fluorescence emission). Quenching, fluorescence resonance energy transfer (FRET), and 
intersystem crossing can also occur to depopulate S1. The fluorescence quantum yield refers to 
the ratio of the number of photons emitted (last step) to the number of photons absorbed (first 
step). The difference in energy between S1 and S2 is the Stokes shift (hvex - hvem). This 
parameter is essential for determining the sensitivity of the fluorescence technique since it 
allows one to detect emitted photons with a low background, determined from excitation 
photons. The difference of wavelength allows a high signal-to-noise ratio for fluorescence 
spectrometry, in contrast to absorption spectrophotometry which measures the transmitted light 
relative to the incident light levels at the same wavelength.[107] 
Figure 8. Jablonski diagram. Reproduced with permission from ref.[108] Copyright © 2013. 
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2.7.4 Immobilization of Biomolecules on Surfaces 
The immobilization of biomolecules is critical in various applications to optimize the 
interaction with other biological species, the stability of the bio-species, and to ensure a 
proximity with the transducer to get an optimum performance of devices, systems, or 
apparatus.[109] Different techniques and strategies of immobilization of biomolecules are 
reported below (summarized in Figure 9 and 10). 
  
Covalent Binding 
This technique is the most used immobilization method. They enter in the irreversible 
reactions’ category due to the robust and stable nature of covalent bonds. Covalent binding is 
achieved through functional groups present in the biomolecule of recognition, which do not 
play a role in their biological activity. Usually nucleophiles present on the amino-acid side 
chains are used such as amine, thiol, hydroxyl, or carboxylic groups.[110] In the case of DNAs, 
they require a linker functional group including succinimide-, aldehyde-, or maleimide-based 
groups.[111] Surfaces are usually activated and functionalized such as dextran, glass, or gel 
surfaces. Covalent immobilization prevents leakage of the biomolecules and a more stable 
system (Figure 9).[112] 
Figure 9. Schematic representation of different covalent strategies of biomolecule 
immobilization on a surface.  
 
Schreiber Approach 
The first microarrays have utilized the Schreiber approach, which consists in immobilizing 
proteins or peptides using nonspecific immobilization based on amine chemistry. The proteins 
are tethered to functionalized glass surface with aldehyde groups through their lysine residues 
and amines at the N-terminus.[113]  To minimize unspecific protein interactions, bovine serum 
albumin (BSA) is used between the glass surface and the immobilized biomolecules.[114] 
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Membrane Protein Arrays 
A membrane-like layer on glass slide is deposited using lipids anchored onto the glass surface 
previously modified with γ-aminopropylsilane. Proteins are spotted on the array on the 
membrane and anchored via noncovalent, hydrophobic interactions between lipids and the 
membrane proteins. Due to the random organization of the proteins, it is difficult to predict the 
sufficiency of exposure of the immobilized ligands, which often leads to impeding the binding 




This technique results from optimizing the Schreiber method of immobilization, which lacked 
orientation thus effective interaction between the capture molecule and the analyte. The 
technique consists in a site-specific and covalent bindings to regiospecifically immobilize 
biomolecules on glass slides via glyoxyl derivatives that form oxime bonds or thiazolidine ring. 
Oxime bonds are however not very stable, and the use of this chemistry for large-scale 
production is difficult.[116] 
 
Diels-Alder Reaction 
In line with chemoselective immobilization, Diels Alder reaction is utilized to immobilize 
biomolecules on surfaces. For example, a cyclopentadiene-functionalized peptide was 
immobilized on a glass surface previously coated with a self-assembled monolayer (SAM) of 
alkanethiols with benzoquinone groups, which are the dienophiles. This reaction is rapid and 
effective and site-specific. SAMs are inert to proteins and no unspecific reaction occurs, 
removing the need of a blocking step.[117] 
 
Staudinger Ligation 
Another site-specific technique of immobilization of proteins is the Staudinger ligation. It 
consists in incorporating an azido group into a protein, which can react with a 
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phosphinothioester-functionalized surface to form an amide bond. The reaction is rapid, with 
a high yield, and occurs at room temperature.[118] 
Crosslinking 
Free reactive ends are used in the crosslinking technique. They form covalent bonds that anchor 
the biomolecules on the transducer surface. As examples, crosslinkers such as glutaraldehyde, 
glyoxal, and amine-based groups are used for crosslinking biomolecules to the surface. The 
issue in this method is to ensure that the conformation of the biomolecule or any function is 
not altered even slightly, since it may affect the binding event with the analyte. To prevent any 




The method consists in entrapping a biomolecule in a polymeric network prepared in a solution 
containing the capture biomolecule. The network is in principle permeable to the analyte while 
holding the capture biomolecule inside the polymeric matrix. No covalent binding is involved 
with the biomolecules. Typical polymers used are cellulose, polyacrylamide, chitosan, 
alginates, and many others. Entrapment is the easiest method of biomolecule immobilization. 
This configuration also enhances the biomolecule stability and allows one to tune the properties 
of the network optimal for the biomolecules’ environment. The disadvantage is the possibility 
of leakage and a limited mass transfer of the analyte into the network.[120]  
 
Adsorption 
This is the easiest method, which consists of adsorbing the capture ligand to the surface using 
hydrogen bonds, Van der Waals forces, salt linkage, or through electron transition complexes. 
This method is common for cell immobilization, and examples of surfaces are cellulose, glass, 
hydroxyapatite or collagen, polyethylenimine, polyaniline, polystyrene or polypyrole, poly-L-
lysine, and polyethylene glycol. However, the disadvantages of this method are numerous: the 
orientation of the biomolecule is random, the reproducibility is limited, and the system is 
sensitive to physical stimuli (pH, ionic strength).[121]  
 
 






Carbohydrate and nitrocellulose have a strong noncovalent interaction. Glycans, including 
polysaccharides, glycoaminoglycans, glycoconjugates, and glycoproteins, have been used and 
attached to a nitrocellulose-coated glass surface. The system can be used to detect protein-
carbohydrate interactions. This technique has been used as an example in the detection of 
pathogenic strains of E. coli in human serum.[122] 
Protein - Protein, Avidin - Biotin Immobilization  
Affinity binding technique involves noncovalent bonds depending on affinity bonds between 
the substrate and the analyte. The affinity between lectin and sugar, for example, or antibody- 
antigen can be used for immobilization. A strong binding affinity is streptavidin-biotin with a 
Kd = 10
-15 M.[123]. Avidin is a very stable protein and avidin molecules bind rapidly and almost 
irreversibly to biotin. This also prevents nonspecific interaction with other proteins thus 




Figure 10. Schematic representation of different strategies (covalent binding, entrapment, 
crosslinking, affinity binding, and adsorption) of biomolecule immobilization. Modified reprint 
with permission from ref. [100] Copyright © 2019, Emerald Publishing. 
 
2.8 Bio-responsive hydrogels 
2.8.1 Definition and concepts 
Bio-responsive hydrogels are the type of biomaterials that change their properties in the 
presence of a specific biological target.[125] The concept is to trigger a molecular interaction 
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that will therefore translate into a macroscopic response, for instance, a swelling/shrinking, an 
optical change, and a sol-gel transition.[126] Such materials are interesting for many applications 
needing a direct read-out or a capture/release of a target species (drug delivery, biosensing, 
cellular studies, biological sponges, and tissue regeneration).[127] They present many 
advantages such as providing a wet hydrophilic environment, optimal for biological 
interactions and stability. Also, there are few chances of nonspecific interactions when using 
antifouling polymers. Moreover, a wide range of chemistry is usable to build a matrix that can 
incorporate biomolecules. In addition, hydrogels are easily tunable in terms of mechanical 
properties while having the ability to change properties under stimuli such as pH, temperature, 
ionic strength, solvent polarity, light, magnetic/electric field, molecules, and biomolecules.[5c, 
128]    
Bio-responsive hydrogels are obtained by various methods and one of them is 
molecular-imprinting polymers.[129] 
  
2.8.2 Molecular Imprinting Technique (MIT) 
Molecular imprinting is a method aiming to leave an imprint into a polymer network with a 
shape memory of the template molecule. This will allow the formation of specific recognition 
sites within the solid.[130] This was inspired by the specific recognition of antibodies to antigens 
where antibodies adopt a three-dimensional complementary structure by contact with the 
specific antigen. This method is used in many applications such as biosensing, separation 
materials, assay systems, and catalytic applications.[131] They are also used in an industry scale 
production due to their low cost and stability.  
Two pathways can be used to imprint molecules, biomolecules, bio-species, and others 
(Figure 11). Both approaches involve the choice of the monomer that can create a covalent or 
non-covalent bond with the necessary moiety to interact with the desired template molecule. 
These monomers are polymerizable and crosslinked to form a polymer network where the 
template is entrapped. After the removal of the template, specific recognition sites remain in 
the porous network where the pores correspond to the shape of the printed entity. This gives in 
the end an artificial recognition matrix.[132]  
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Figure 11. Schematic representation of the concept of molecular imprinting by two ways 
(covalent and non-covalent approaches). Reprint with permission from ref. [133]. Copyright © 
1996, Nature Publishing Group. 
 
Non-covalent imprinting 
Non-covalent imprinting involves a complex formation with non-covalent binding between the 
template molecule and the surrounding polymer. Because biological recognitions are mainly 
based on non-covalent interactions, many systems of imprint used this method of imprint. 
Common interaction types are ionic interactions, π-π interactions, hydrogen bonds, or 
hydrophobic interactions.[133]  
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Covalent imprinting  
Covalent imprinting involves a complex formation with covalent binding between the template 
molecule and the surrounding polymer. These covalent bonds must be cleavable. Therefore, 
functional groups such as esters of carboxylic or boronic acids are used; other examples are 
imines or ketals. The cleavage is usually performed by acid hydrolysis.[134]  
Since the synthetic pathways to obtain a reversible covalent binding is very limited, non-
covalent imprint is more often used for its versatility. Although both covalent and non-covalent 
approach can be used for imprinting a more complex molecule or molecules difficult to 
imprint.[133-134] 
 
2.9 Human Mesenchymal Stem Cells (hMSC)  
2.9.1 Definition and General Information  
Mesenchymal stem cells (MSCs) are pluripotent stromal cells with an important expansion 
ability that have the particularity to be able to differentiate into varieties of cell types such as 
osteoblasts, chondrocytes, myocytes, and adipocytes. They are present in multiple tissues, 
including umbilical cord, menstrual blood, bone marrow, and fat tissues. Recently, they are 
seen in several applications, such as cell-based therapy, regenerative medicine or tissue 
engineering. In therapy, only certain hMSCs are used.[135] The Mesenchymal and Tissue Stem 
Cell Committee of the International Society for Cellular Therapy asserts that the minimal 
criteria to define a cell as hMSC are the following: “(i) hMSC must be plastic-adherent when 
maintained in standard culture conditions, (ii) they must express CD105, CD73 and CD90, and 
lack expression of CD45, CD34, CD14, or CD11b, CD79alpha, or CD19 and HLA-DR surface 
molecules, (iii) they must differentiate to osteoblasts, adipocytes, and chondroblasts in vitro.” 
Additionally, for certain clinical applications, CD73, CD90, and CD105-positive hMSCs are 
used. The important challenge in these fields is then to provide stem cells with intact stemness. 
In in vitro expansion, the substrate will play a key role.[135-136]  
 
2.9.2 Mechanical Response of hMSCs to the Substrate 
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The hMSC-matrix interface is dynamic and properties of the material of the cell scaffold such 
as stiffness, topography, molecular flexibility, and binding affinity; chemical functionalities 
influence cells behavior (Figure 13). These phenomena are also seen in their natural cell niche 
where the cell-environment is not static. Different organs and tissues have different stiffness, 
topographies, and chemical functionalities among other properties.[137] 
Stiffness has an impact on the specific lineage differentiation (Figure 12). As a result, 
hydrogels have emerged as optimal materials for tuning the stiffness since their mechanical 
properties can be simply influenced by a change in crosslinking density, linker properties, or 
porosity. They can range from ultrasoft (E < 1 kPa, viscous fluid-like materials) to ultrahard (< 
500 kPa, silicon rubber), while biological tissues can range from 0.1 kPa (neural cells) to 40 
kPa (non-mineralized bone tissue). Common polymer used for fabricating hydrogels as 
substrates are polyacrylamide-coupled glucamine to avoid unspecific protein interactions, also 
polyethylene glycol, hyaluronic acid (4 - 100 kPa), and alginate (1 - 160 kPa). More and more 
research is now also directed towards more complex viscoelastic behavior with a dynamic 
change in stiffness and frequency-dependent stress responses.[138]    
 
Figure 12. Biological tissue elasticity and differentiation of hMSCs. (A) Range of stiffnesses 
of different biological tissues. (B) Elasticity is controlled by crosslinking and cell adhesion by 
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attachment of collagen-I with control of the thickness. Scale: 20 nm. Morphological changes 
of the hMSCs are depicted as a function of different stiffness of the substrates. Reproduced 
with permission from ref. [138b]. Copyright © 2006, Elsevier. 
 
During the first days of culture, reprogramming the lineage specification of hMSCs is 
possible by adding induction factors in the medium. However, recent studies have shown that 
the cells after several weeks will commit to the specification induced by the matrix 
elasticity.[138d] For example, soft matrices, a mimic of brain tissues, would lead to neurogenic 
differentiation, and a stiffer matrix (muscle mimicking) will lead to myogenic 
differentiation.[138b, 138c] These results enhance the impact of substrate stiffness in the stem cells 
differentiation.  
Topographies can be tuned by nanolithography, molding, and electrospinning. 
Nanolithography can be used to control the spatial organizational symmetry of nanometer-scale 
patterns on a material’s surface. Channels and pillars can be varied to mimic the natural 
arrangement of natural ECM.[139] As an example, nanopillars can be arranged in hexagonal or 
honeycomb structures, or in microgrooves, nanodots, and nanopits. This has, for example, 
supported the renewal of embryonic stem cells, hMSCs, and other cells. Electrospinning 
technique forms nanofibrous structures from polymers, where the nanofibers and nanochannels 
can be tuned to mimic the ECM naturally present in the body with fiber sizes of 5 to 200 nm 
and pore sizes from 3 to 80 nm.[140] Techniques using molding strategies can be utilized, such 
as on poly(hydroxyethyl methacrylate) (PHEMA) hydrogel networks utilizing PDMS 
stamps.[139-141] 
Various strategies can be used to link cell-adhesion protein or peptides and growth 
factors and glycoproteins to the hydrogels. For instance, methacrylate functional groups are 
incorporated into PEG hydrogels by photopolymerization designed to covalently attach 
peptides. In these studies, the cell fate is influenced by these biomolecules attributing the effect 
to the adsorption or sequestering of these molecules into the matrix.[142] Other than only 
biomolecules, chemical compounds can also influence the cell differentiation, for example, the 
release of calcium and phosphate ions influenced differentiation to osteoblasts through 
mechanism that involved c-Fos and adenosine signaling.[143] Other examples are fluoride, 
strontium, and magnesium release, which have also changed cell phenotypes.[142-144] 
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Figure 13. Summary of the parameters that have an influence in cell phenotypes such as 
topography, chemical functionality, degradation of byproducts, in the case of degradable 
hydrogels, and cell adhesivity on polymeric substrates. Reproduced with permission from ref. 
[143]. Copyright © 2014, Nature Publishing Group. 
 
We have learned that the interface of the cell and substrate is dynamic more than static 
and that the cell interacts with the surface, which regulates the cells’ functions both in the short 
and long term. Studies have shown that the cell differentiation was influenced by the substrate 
stiffness independently of the porosity and protein tethering. Stiffness is thus one of the main 
mediators of cell functions.[145] The interaction of the cell with the substrate goes beyond 
biological exchanges but the cell matrix is also a physical interaction, which leads to matrix 
deformations (Figure 14). Indeed, cells sense the substrates’ elasticity by local contractions.[146] 
Myosin contractions can induce cells to pull substrates at a rate of 20 to 120 nm.s-1. Therefore, 
deformations of the substrates become visible. These deformations are inversely proportional 
to stiffness.[145-147] 
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Figure 14. Studies of cell contraction against hard and soft substrates by atomic force 
microscopy (AFM). (a) Cells dynamically interact at the interface to deform the substrate by 
pulling through myosin contractions. Soft substrates are more deformed than stiffer ones. (b) 
Scheme of the interaction of AFM tip with the substrate. (c) Representative retraction curves 
of different hydrogel stiffness. (d) Substrate spring constant as a function of AFM tip retraction 
speed. (e) APL staining of cells on PDMS substrates after 7 days of culture in medium where 
the cells differentiated into osteoblasts. Scale: 500 nm. Reproduced with permission from ref. 
[146] Copyright © 2014, Nature Publishing Group. 
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2.10  Tissue Engineering 
 
 
Figure 15. An example of a tissue engineering strategy summarizing four important factors 
that need to be considered in tissue engineering: the cells, the scaffold (environment that 
supports the cells), biomolecules, such as growth factors molecules, physical and mechanical 
forces to influence the cell fate. Reproduced with permission from ref. [148]. Copyright © 2010, 
Nature Publishing Group. 
 
Tissue engineering aims to create a functional tissue from cells in a laboratory to replace 
or repair failing tissues or organs due to disease, genetic abnormalities, trauma, or injury. 
Indeed, tissue injury or organ failure is considered a major challenge in healthcare. The field 
has emerged as a result of a limitation of transplants from donors. Before the 1950s, no suitable 
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remedies existed for patients with organ dysfunctionalities. Only with the pioneering work of 
Murray in 1964, with the first successful kidney transplant, the field has started to evolve. Yet, 
the donor was a twin brother of the patient so the risk for an adverse immune response was 
eliminated because the donor and recipient were genetically identical. Five years later, Murray 
performed a transplant from a genetically non-identical donor on a patient, a procedure, which 
has then served to save several lives. However, the increasing number of patients needing 
organs transplants and the shortage in organ donors limits the method, which requires the 
development of new methods to repair tissue and organ defects.[8b, 149]  
Four important factors need to be considered in the tissue engineering: (i) the cells, (ii) 
the scaffold (environment that supports the cells), (iii) biomolecules such as growth factors, 
(iv) physical and mechanical forces to influence the cell fate.[148] The cells can be harvested 
from the target organ, from stem cells, or directly taken from the patient to limit rejection 
issues.  The scaffold can be natural (collagen, decellularized matrix, etc.) or synthetic 
(mimicking the cell environment, for example, extracellular matrices (ECM)) or derived from 
donor tissues and can be degradable or not depending on the application (Figure 15). Synthetic 
scaffolds must be fabricated with specific features such as permeability, optimal spatial 
distribution, porous materials with optimal pore size, because the bulk and surface 
characteristics of the scaffold might affect the cellular behavior during the cellular growth.  One 
important challenge in tissue engineering is the need of a large cell quantity and to engineer 
thick tissues, ultimately organs, vascularization is key. Furthermore, individual cells’ 
performance and their interaction with the ECM influence in the end the organ function. That 
is why providing biomaterials to allow different cells to act in the optimal way is a major 
challenge in the field.[8b, 150] 
Another aspect to consider in the development of materials for tissue engineering is the 
material’s properties using nano- and micro-technologies. Micro- and nano-patterning can 
control cellular behavior as well as the cell environment at different levels, for example 
adhesion, locomotion, proliferation, and differentiation. Cell shape, cell interaction with the 
matrix, and cell-cell interactions have been controlled in microarrays as an example. Another 
example is the culture of neural stem cells in a specifically spatially distributed proteins in a 
matrix, which showed an alignment of neurons.[151] 
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Bioprinting 
3D printing is a technique that consists in precisely depositing different materials on various 
substrates. The method has been extensively used in tissue engineering to print cells, scaffolds, 
or cell-laden hydrogels. For example, polyester urethane urea was used as a cardiac patch that 
was patterned with hMSCs and endothelial cells. The patches were implanted into rats with 
myocardial infarction and showed after insertion of the patch, an increased vessel formation 
and an enhanced heart function. The same method was used for the fabrication of heart valves 
by using encapsulated valvular interstitial cells into methacrylated hyaluronic acid or gelatin 
hybrid hydrogels.[152] 
 
2.11  Soft Tissue Engineering 
Soft tissue engineering focuses on providing substitute tissues to restore damaged or deficient 
tissues including fat, muscles, tendons, vessels, nerves, skin, and ligaments. This area is 
challenging since it aims to restore defects with a high volume to surface area. As an example, 
techniques for damaged tissue beneath the skin are divided in two main categories. The first 
category aims to use synthetic substitutes from the formation of new adipose tissue from 
precursor stem cells (called de novo adipogenesis). In this way, the differentiation is guided 
towards adipogenesis via different strategies. The second approach is an autologous fat 
transfer. This second method is relatively limited since graft retention rates can fall until 90% 
over time due to necrosis, cysts, and granulomas. The understanding of de novo adipose tissue 
formation will allow the design of implantable matrices and master the adipogenesis 
pathway.[153] 
 
De Novo Adipogenesis  
Differentiation into adipocytes is dependent on glycerol-3-phosphate dehydrogenase (GPDH). 
The action of this enzyme allows the accumulation of intracellular lipid droplets. Other markers 
for adipogenesis are perosixome prolerator-activated receptor gamma, lipoprotein lipase (LPL) 
and fatty acid binding protein (FABP)-4. Adipocytes absorb triglycerides from the 
microenvironment using LPL uptake for example. De novo adipogenesis approach requires an 
in vitro expansion and isolation, which raises feasibility hurdles.[154] 
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Autologous Fat Transfer 
Although the existing drawbacks of autologous fat transfer, namely, graft rejection, efforts are 
directed towards preventing these rejections. Recent research has shown that the incorporation 
of progenitor cells such as ASCs might improve the approach. The technique consists of 
injecting ASCs into the fat (cell-assisted lipotransfer (CAL)). Clinical results have suggested 
that the presence of ASCs have enhanced the grafted tissue viability and 5.104 supplemental 
ASCs per milliliter of transferred fat would be necessary to get best results.[155] 
 
2.12  hMSC Culture Scaffolds 
The complex organization of tissues in the body allows cell-cell and cell-environment 
interactions. Synthetic polymers are the most used as scaffolding materials for soft tissue 
engineering.[156] Their advantage is the possibility to tune their physical properties, and the 
existing large number of FDA-approved polymers. Synthetic polymers have been utilized to 
mimic the architecture of natural collagen, PLGA, PEG-based polymers, and PVA, for 
example, which has been shown to enhance cell adhesion and to allow differentiation. Synthetic 
scaffolds should be developed to mimick the native structure of the tissue and should be 
engineered for cells to be able to adhere, proliferate, spread, differentiate, and act like they 
would in vivo. The choice of the scaffold is crucial since it strongly influences the cell fate.[138b] 
Therefore, materials selection depends on mechanical properties that favor highly porous 
materials with interconnected pores to allow free diffusion of cell nutrients and oxygen, which 
allows the cells to migrate. Topography can also influence the cell differentiation and the 
materials’ surface plays a key role for cell interactions. In addition, to tailor the cell response 
to the material, functionalization of the surface with for example proteins or peptides, typically 
RGD, as integrin-binding domains.[157] Surface modification should be done after fabricating 
the scaffold to not alter the mechanical properties or structure. Finally, top-down and bottom-
up strategies are used to build a scaffold where a top-down method designs a scaffold that 
mimic tissue (structure, composition and mechanical properties) and a bottom-up approach 
consists in mimicking and replicates the main unit of a tissue to get the proper scaffold.[157-158]  
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3 Scientific Goals 
The aim of this PhD thesis was to explore multi-disciplinary domains to provide solutions for 
current challenges in the biomaterial field, namely, detection of antibodies, and thereby 
developing a material for an ultimate use in biosensing devices. In a second project, the aim 
was to contribute to the development of new polymeric scaffold for tissue engineering, and 
cell-based therapy. The goal is therefore proposing a substrate that mimics the natural 
environment of sensitive human stem cells to keep their “stemness” in a synthetic environment. 
In a third project, the goal was to develop a responsive hydrogel towards influenza virus giving 
a dual response (both color and shrinkage) to prove that such multivalent interactions are 
possible and specific.  The first hurdle of these systems was to find an optimal hydrogel system 
to host the different biological species, which would lie in the fabrication of the matrix via 
different chemical routes, different molecules, and conditions. For each system, different 
parameters regarding their mechanical properties have been explored to get an optimal matrix. 
Therefore, to get a better understanding of the biomolecules and cells’ behavior within these 
macromolecular systems, a deep characterization has been performed comparing different 
techniques to get as precise characterization as possible. Finally, the performance of the 
material towards each application has been assessed by different biological studies: biosensing, 
bio-responsiveness, and cell-related studies, respectively. 
 
Figure 16. Summary of the projects within this PhD thesis. Three projects with two different 
applications are presented where hydrogels are used as main materials. The first project 
involves a hydrogel matrix biologically active with immobilized peptides within the matrix for 
the detection of specific antibodies. The second project consists of hydrogel nanocomposites 
as an optimal substrate for human mesenchymal stem cells’ culture. The third project deals 
with hydrogel nanocomposite for the specific recognition of influenza virus.  
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4 Publications 
In the following section, the published articles and submitted manuscripts are listed and the 
contributions of the author are specified
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Double Trouble for Viruses: Hydrogel Nanocomposite Catches 
Influenza Virus While Shrinking and Changing Color  
Rotsiniaina Randriantsilefisoa,a,* Chuanxiong Nie,a Badri Parshad,a Yuanwei Pan,a Sumati Bhatia,a 
and Rainer Haagb, *
We report a virus responsive hydrogel giving a dual response. The 
method utilizes the optical property of gold nanoparticles (AuNP) 
and the high swelling capacity of polyol-based hydrogels to form a 
nanocomposite of AuNP and polyols that produces both color 
changes and shrinkage in the presence of Influenza A virus particles. 
 
Bio-responsive hydrogels are hydrophilic 3D networks that 
undergo a response triggered by the presence of one or several 
biological species.1 Such materials have been used for 
detection, drug delivery, or tissue engineering applications.2 
More often, hydrogels responsive to small molecules have been 
utilized since engineering networks for macromolecules or 
multivalent molecules is challenging. First, molecular and 
architectural designs must be specific. Second, the complex 
interaction between the biological species and the matrix must 
be controlled. Finally the immobilization and the environment 
of the biomolecules must be such that denaturation does not 
occur.3, 4  As examples of bio-responsive hydrogels, Miyata et al. 
have been working with ConA responsive networks.5-8 Bai and 
Spivak have recently reported apple stem pitting virus-
responsive superaptamer hydrogels.9 They have shown the 
potential of bio-responsive hydrogels for virus detection. Some 
groups have also been working on dual-responsive hydrogels - 
giving a single response to two or more stimuli – such as 
Couturier et al. on photonic hydrogels for the detection of 
hydrophilic and hydrophobic bio-species.10, 11  
 Bioimprinting hydrogels with a biological entity template is 
becoming more and more popular in biorecognition, tissue 
engineering, or for cell culture platforms. Molecularly imprinted 
polymers (MIP) can offer a specific imprint of the bio-species of 
interest, which can consequently increase the sensitivity of the 
detection method, specificity to the cell interaction or give a 
conductive property.12-17 
 Gold nanoparticles (AuNP) are efficient for the 
immobilization of suitable molecules via physical adsorption or 
covalent conjugation. At the same time, their plasmon 
characteristics have made them a benchmark tool in domains of 
materials science involving, for example, optical detections.15, 16 
Having AuNP covalently entrapped in hydrogels offer a stable 
multifunctional material with plasmonic properties and, at the 
same time, leaching of the AuNP is avoided.18  
 Dendritic polyglycerol cyclooctyne (dPG-C) and 
polyethylene glycol diazide (PEG-DIA) are good polymer 
candidates for MIPs. It has been suggested in our previous work 
that a dPG-PEG-based network is an ideal anti-fouling 
environment for hosting delicate molecules such as proteins, 
peptides, enzymes, viruses, and antigens in general. They are 
naturally hydrophilic environments, robust, and constructed in 
a biorthogonal strategy, avoiding any unspecific interactions. 
Furthermore, they could swell up to 100 times their dry weight 
in the presence of an aqueous environment.19 
 Sialic acid (SA) has been reported to have a specific and high 
binding affinity with the hemagglutinin (HA) present on 
influenza A virus (IAV) in a multivalent manner. As a result, SA is 
an interesting candidate for building systems with specific 
interactions with IAV.20, 21 
 Therefore, herein we present a hydrogel using SA, PEG, dPG, 
and AuNP. In the present study, we aim to simply provide as a 
preliminary proof-of-concept for the ability of such hydrogels to 
display a reversible double response, both color change and 




a. , b Institut für Chemie und Biochemie, Freie Universität Berlin, Takustr. 3, 14195 
Berlin, Germany. 
E-mail: haag@chemie.fu-berlin.de, rani2f@zedat.fu-berlin.de  
† Electronic Supplementary Information (ESI) available: materials, experimental 
procedures, and additional results. See DOI: 10.1039/x0xx00000x 
COMMUNICATION Journal Name 
2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 
Please do not adjust margins 
Please do not adjust margins 
 Figure 1. Representation of the hydrogel structure composed of clicked functional PEG and dPG. Formation of the bio-imprinted 
hydrogels with IAV:  IAV is used as a template and mixed with a solution of sialic acid-functionalized AuNP. (i) The conjugated 
template is added in the hydrogel precursor mixture of dPG-C and PEG-DIA. The hydrogel is then formed by click chemistry. The 
virus is removed with 3.7 % HCl solution to produce an IAV-responsive imprinted hydrogel. An optical and mechanical response is 
produced upon IAV addition or removal. 
 
Functionalized macromolecular precursors, dPG (MW. 10 kDa, 
10 % cyclooctyne functionality) and diazide-PEG (PEG total MW. 
6 kDa), quickly form a three-dimensional hydrogel structure via 
strain-promoted alkyne-azide cycloaddition (SPAAC) reaction. 
On the other hand, SA and PEG are conjugated to AuNP (20 nm) 
by means of electrostatic interactions and thiol-gold chemistry, 
respectively. The macro-porosity of the network is obtained by 
molecularly imprinting the hydrogel with IAV as templates. This 
forms in the end a hydrogel composite network imprinted with 
IAV for an enhanced specificity (Fig. 1). The virus is removed by 
immersion of the hydrogel in a solution of 3.7 % HCl. The 
obtained hydrogels are then washed in distilled water until 
reaching equilibrium in color and size. During the process, a 
clear color change from purple (with viruses) to pink (without 
viruses) is noticed as well as a size change small (with virus) and 
bigger (without viruses). The virus release/uptake behavior of 
the hydrogel is evaluated by measurements of the hydrogel size 
and spectroscopic studies by UV-visible spectroscopy. 
 To first determine the optimal virus concentration needed 
as template, AuNPs decorated with SA (AuNP-SA) in solution are 
prepared and the interaction with viruses at different dosage is 
investigated (Fig. 2). AuNP-SA specifically recognizes IAV due to 
the known specific interaction between SA to the HA of IAV.22 
Viruses, as multivalent systems, can host multiple AuNP-SA via 
the multiple HAs on the virus envelope, which can lead to the 
aggregation of AuNPs in the solution. Due to the plasmonic 
properties of AuNPs, the IAV-AuNP binding can trigger the color 
change of the solution upon aggregation and dispersion. In the 
meantime, the aggregation produces a surface plasmon 
resonance (SPR)-induced absorbance shift in the absorption 
spectra, translated by a color from red to purple/blue 
detectable by eyes, along with an absorbance shift. When the 
particles are separated, the absorbance returns to its original 
value.23 Fig. 2 shows that the color shift in solution becomes 
more predominant as a function of the virus concentration. We 
observe in the photograph, a blue color for a concentration of 
virus of 4 * 108 pfu/mL, a purple color in the presence of a 
concentration of virus of 2 * 108 pfu/mL, and a light purple for 
a concentration of virus of 1 * 108 pfu/mL, a red color for the 
lowest concentrations and control (only PBS). This color change 
is quantified by the variance of the absorbance OD610. For a virus 
concentration of 4 * 108 pfu/mL, the OD610 = 0.68, while at a 
virus concentration of 1 * 108 pfu/mL, the OD610 = 0.23. 
 The specificity in solution is explored by adding to it an 
unspecific virus to SA (VSV virus). The absence of response is 
noticeable with a very low OD610 of only around 0.15 whereas 
the specific IAV display an OD610 around 7 times higher.  
Figure 2. (A) Optical density at 610 nm as a function of different 
concentrations of IAV (4 * 108, 2 * 108, 1 * 108, 5 * 107, 1 * 107, 
0 pfu/ml) and the corresponding photograph the solutions of 
SA-AuNP-IAV. (B) Optical density at 610 nm in response to 
unspecific VSV virus, specific IAV virus and only PBS (control).  
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 After revealing the responsive behavior of AuNP-SA in 
presence with IAV, hydrogels are molded with AuNP-SA-IAV 
complex (virus concentration 5 * 107 pfu/mL, lowest 
concentration of color change noticeable by eye). The optical 
and mechanical changes in presence or absence of the specific 
or unspecific viruses are quantified by UV-vis spectroscopy and 
the percent of shrinkage by measuring the diameter of the 
hydrogels with and without virus.  
 Figure 3. Photograph of the molecularly imprinted 
hydrogels with and without IAV (A/X31 (H3N2)), displaying a 
color change and shrinkage in the presence or absence of virus. 
 
 Fig. 3 shows that the hydrogels exposed to IAV viruses shrink 
and display a noticeable color change, compared to the ones 
without virus even though the color change is less predominant 
than the shrinkage.  
 The specificity of the system is studied by diffusion of 
unspecific and specific viruses in the hydrogels. Fig. 4A is the 
corresponding optical characterization of the bio-imprinted 
hydrogel with specific virus and with unspecific virus. Using 
specific IAV viruses, OD610 = 0.85 and OD610 = 0.6 without virus. 
In the presence of unspecific VSV viruses, is almost as low as 
without virus (OD610 = 0.5).  
 Afterwards, the reversibility of the binding and removal is 
studied by diffusion and removal of IAV viruses into the 
hydrogels. In Fig. 4B, different cycles of binding/removal of 
viruses with a saturating virus concentration of 1.2 * 109 pfu/ml 
are performed.  The reversible increase/decrease in the OD610 
demonstrates the reversible absorbance shift displayed by the 
hydrogels in the presence of IAV virus. At this saturation 
concentration, either most binding sites in the microporous 
hydrogel have been filled or no virus diffusion is no longer 
allowed due to hindrance. The number of binding sites is mostly 
linked with the template concentration used at first. 
Furthermore, the change of swelling state of the hydrogels in 
the presence of IAV viruses has been noticed.
 
Figure 4. A. Optical density at 610 nm of the imprinted hydrogels in response to unspecific VSV virus and specific IAV virus, and 
non-imprinted hydrogels was used as controls. B. Optical density at 610 nm of the imprinted hydrogels (“MDP”) in response to 
specific A/X31 (H3N2) virus (1.2 * 109 pfu/mL, 0.31 mg/mL HA) for three different binding/removal cycles. Control samples were 
non-imprinted hydrogels (“NIP”), and imprinted hydrogels without template removal (“MIP”). C. Percentage of MDPs’ expansion 
(shrinkage) in response to unspecific VSV virus and specific A/X31 (H3N2). NIP and MDP were used as controls.  D. Percentage of 
MDPs expansion (shrinkage) in response to specific A/X31 (H3N2) virus (1.2 * 109 pfu/mL, 0.31 mg/mL HA) for three different 
binding/removal cycles. Control samples were NIP and MIP. E. Schematic representation depicting the process used for three 
cycles of virus binding/removal.
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 In Fig. 4C, when the hydrogels are exposed to a saturating 
concentration of IAV, a shrinkage of the hydrogels appears. This 
phenomenon is due to supplemental crosslinking points 
provided by the multivalent binding between HA of the IAV and 
SA. The consequence being a higher crosslinking density in the 
network, translated by a shrinkage of the hydrogel.5 Control 
experiments IAV diffusion into hydrogels without imprinting 
“NIP”) are performed to verify that the given response is 
specifically due to IAV, also that the virus imprints are important 
to create responsive hydrogels with specific sites (Fig. S8).   
 To further characterize the mechanical reversibility, the 
hydrogels are subjected to multiple cycles of binding and 
removal of viruses. We hypothesize that the hydrogels would 
give a reversible swelling/shrinking depending on the presence 
or absence of IAV virus. Fig. 4D is a characterization of imprinted 
hydrogels for different cycles of binding and removal of viruses. 
We see that each uptake of virus can lead to a shrinkage (~ 30 
%) with a relative recovery of the values for each cycle of virus 
binding or removal.  
  
 In conclusion, a proof-of-concept has been presented by 
developing a hybrid hydrogel which has the ability to show dual 
response to one biological stimulus (IAV). The combination of 
different materials has allowed the performance of the 
hydrogels, where inorganic components such as AuNP and 
organic hydrophilic compounds such as polyols have allowed 
both a color property and a high swelling and shrinkage capacity 
of the network. This also represents a sensitive environment to 
bio-species preventing their denaturation. The saccharides SA 
confer the specificity of the hydrogels towards IAV. Finally, the 
bioimprinting process gives an imprint specific to IAV and 
simultaneously produces macropores to allow the diffusion of 
the virus. However, challenging aspects of molecularly 
imprinted polymers for virus recognition, and more generally 
proteins, in bulk, such as template removal and rebinding, 
integrity of the binding sites, and random organization of the 
AuNP makes reproducibility more difficult to achieve without a 
precise optimization of the system towards each parameter 
(AuNP concentration, virus stability, etc.). This aspect should be 
studied more in details for future application. Also, the high 
number of viruses needed to get a response still represents a 
limitation for real life applications, but our aim was to provide a 
first proof into the ability of responsive hydrogels to recognize 
viruses by changing in color and size.  
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Double Trouble for Viruses: Hydrogel Nanocomposite Catches 
Influenza Virus While Shrinking and Changing Color  
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Materials and Methods 
All chemicals were purchased from Sigma (Germany) and used without further purification, 
unless otherwise noted. ɑ-Amino-ω-azido PEG, PEG-MW. 3000 Dalton was purchased from 
RAPP Polymer (Germany). Dendritic polyglycerol cyclooctyne (dPG-C) with a number 
average molecular weight (Mn) of 10,000 Dalton and polyethylene glycol derivatives were 
synthesized as previously reported.1 
 
Gold Nanoparticle Synthesis and Sialic Acid Conjugation  
The synthesis of AuNP (20 nm) conjugated with sialic acid was performed as previously 
reported.2 Briefly, 10 ml of 1.25 mM sialic acid was prepared in distilled water and mixed with 
an aqueous solution of HAuCl4 (0.005 M, 1 ml) was brought to reflux at 80 °C at constant 
stirring at 1200 rpm for 20 min. The color of the solution changed from clear/yellow to light 
red wine. The suspension was then allowed to cool to room temperature. After that, the 
suspension (1 mL) was centrifuged for 10 min at 13,000 rpm. The supernatant was removed 
and the sediment redispersed in distilled water (1 mL).  
 
UV-Visible characterization of AuNP-SA  
 



















Infrared (IR) spectrum of AuNP-SA 
 
Figure S2. IR spectra of conjugated sialic acid AuNP.  
 
A/X31 (H3N2) Virus Detection in Solution 
Stock solutions of Influenza virus A/X31 (H3N2) (1.2 * 109 pfu/ml, 0.31 mg/mL protein) was 
prepared in 10 mM PBS and diluted into the concentrations of 4 * 108, 2 * 108, 1 * 108, 5 * 107, 
1 * 107, and 0 pfu/ml. The previous final solutions of AuNP-SA were added into the viruses 
solutions at equal volume (100 µL each).  After being incubated for 30 min at 37oC, the color 
is recorded by a digital camera and quantified by UV-Vis spectra. . As a control for specificity, 
to the previous final solutions of SA-AuNP were added an unspecific protein solution (0.22 
mg/ml proteins of VSV virus). The obtained solution did not undergo any color change. The 




carboxylic acid,  
ν (-C=O)  ν (-OH)  
Specificity in Solution 
 
Figure S3. UV-vis spectrum of SA-AuNP solution with specific or unspecific viruses to sialic 
acid showing the absence of interaction of the SA-AuNP with VSV virus but only with A/X31 
(H3N2) IAV. The control was plain SA-AuNP solution with PBS.  
 
Figure S4. UV-vis spectrum of SA-AuNP solution with specific IAV A/X31 (H3N2) to sialic 
















































Preparation of Hydrogels for Virus Detection  
Gold Nanoparticle Synthesis and Sialic Acid Conjugation for Hydrogels 
The synthesis of AuNP (20 nm) conjugated with sialic acid was performed as previously 
reported with some modifications. Briefly, 10 ml of 1.25 mM sialic acid was prepared in 
distilled water and mixed with an aqueous solution of HAuCl4 (0.005 M, 1 ml) was brought to 
reflux at 80 °C at constant stirring at 1200 rpm for 20 min. The color of the solution changed 
from clear/yellow to light red wine. The suspension was then allowed to cool to room 
temperature. After that, the suspension (1 ml) was centrifuged for 10 min at 13000 rpm. The 
supernatant was removed and the sediment redispersed in distilled water (200 µl) to obtain an 
intense red wine color.  
 
Hydrogels and Bioimprinting Process 
Prior to hydrogel formation, to the previous solution of Au-SA-virus conjugates (100 µl, 5 * 
107 pfu/ml) were added thiolated-PEG-diazide (10 mg) to get a concentration of 10 wt% PEG 
solution. The reaction mixture was left 30 min at rt to allow the thiol groups to bind to the 
AuNPs conjugates. 
To this mixture of Au-SA-virus-PEG-diazide was added 125 wt% dPG-cyclooctyne 
and the bio-imprinted hydrogel was formed by mixing both components at a 2:10 ratio dPG: 
PEG. 10 µL of the mixture was added to small Eppendorf tubes to afford the final hydrogels 
with consistent shapes. The hydrogels were formed quickly after a few minutes. This group is 
called molecularly imprinted polymers “MIP.” 
As a control group, hydrogels were formed the same way but without virus templates 
and were called non-imprinted polymers “NIP.” 
 
Removal of Viruses  
To mold the virus imprint into the hydrogel, the previously bound virus was removed by 
immersing the hydrogels in a big volume of stirring solution of 3.7 % hydrochloric acid (~ 100 
ml) for two days. After reaching equilibrium, the hydrogels were washed in distilled water 
overnight. These samples were called “MDP.”. 
 
Figure S5. Photographs of hydrogels with and without virus template. Pink are the hydrogels 
bio-imprinted during the virus template removal process. Purple are the hydrogels with virus 
template (before template removal). Hydrogels without template already expanded by ~ 33 % 
in size after a few hours in 3.7 % HCl compared to the hydrogels with template in distilled 
water.  
 
Figure S6. Optical density of hydrogels bio-imprinted after virus template removal (“without 
template”) and hydrogel with virus template (“with template”) at 610 nm. 
 
 Rebinding of Virus 
Rebinding of virus was performed by immersing the nanocomposite bio-imprinted hydrogels 
into 10 µl of 1.2 * 109 pfu/ml (0.31 mg/ml HA) overnight. 
 
Figure S7. OD610 of hydrogels for different cycles of binding/removal of A/X31 (H3N2) virus 
in MDP and NIP for different hydrogels with incorporated p-values showing that imprinting 
was necessary to get the hydrogel response.   
 
Specificity in Hydrogels 
To assess the specificity, a nanocomposite bio-imprinted hydrogel was immersed into a 
solution containing unspecific virus (VSV virus, 0.22 mg/ml proteins).
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5 Summary and Conclusions 
The need for new designs of biomaterials for existing challenges in biomedical applications 
has led to the fabrication of three different polymeric hydrogels using dendritic polyglycerol 
and polyethylene glycol. These polymers were used for their bio-inertness, the possibility of a 
large varieties of functionalization and the ability to adapt the mechanical properties of the 
resulting material to the desired applications.  
In the first project, the aim was to build a bioactive material specific for antibody detection 
where specific peptides were immobilized in the matrix as capture ligands. The challenge was 
to immobilize these molecules of recognition without altering their biological functions, 
without any change of conformation nor denaturation and without any leaching out of the 
system overtime. The easy and fast crosslinking biorthogonal approach to build the hydrogels 
was therefore well suited for the biosensing applications since they were also customizable to 
the desired application. The main reason for the use of hydrogels was to enhance the capability 
of 3D structures to improve biosensing strategies in terms of sensitivity, high loading capacity, 
and stability of the biomolecules, which prevents errors in the sensing method. Another aspect 
was the possibility of miniaturization of the system by using, for example, microarrays. All 
these aspects lack in existing 2D systems, which are however used in current biosensors. The 
strategy was thus to improve these existing 2D systems by using the advantages offered by a 
3D hydrogel approach.  
To predict the biosensing ability of our systems, we first characterized in depth the hydrogels 
in nano- and micro-scales, varying the molecular weights of the linkers. The linkers would 
influence the mechanical properties and morphology of the hydrogel networks. Regarding the 
physical properties of the networks, a remarkable swelling of the hydrogels (up to 100 their dry 
weight) was reached with an increasing swelling as a function of the molecular weights of the 
linkers. For the biosensing characterization, we obtained a specific and selective detection. 
Besides, a higher loading capacity was obtained with seven times higher than the one of 2D 
arrays. The sensitivity increased by 20% compared to the 2D detection method, the obtained 
limit of detection being 27 pg/mL.  
In the second project, we proposed a patterned soft nanocomposite hydrogel as a soft cell 
culture scaffold. Directing stem cells to a specific lineage and keeping their pluripotency is 
challenging. And yet, in soft tissue engineering, soft tissue reconstruction to restore deficient 
tissues underneath the skin remains a hard endeavor. Recent studies have shown that culturing 
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hMSCs on typical TCPS or glass (hard substrates) has damaged the intrinsic function of these 
cells which has led to loss of stemness as the number of passages increased. In addition, they 
lost their adipogenesis differentiation potential. Stemness is defined as the mechano-sensing 
ability, immunophenotyping, and differentiation potential of a cell. To retain these properties 
of the stem cell, we produced a tissue mimicking cell-responsive platform by tuning the 
mechanical, biological, and morphological characteristics of the nanocomposite fabricated in 
a biorthogonal click strategy and Au-S chemistry. We obtained nanocomposites with stiffness 
in the range of liver tissues (elastic moduli < 2 kPa). To correctly predict the effect of the matrix 
on hMSCs, we studied their mechanical properties as a function of two different molecular 
weights of PEG linkers. The locomotion of hMSCs was first investigated on two different 
surfaces with patterns (wrinkles or creases) and the strong attachment of the cells on the 
nanocomposites was assessed. Stemness and differentiation potential were observed with an 
influence of the mechanical characteristics and the presence of adhesive peptides (RGD) and 
their spatial organization. We hypothesized that such system would influence the cells’ 
behavior and morphology. In addition, they would keep their stemness compared to on bare 
TCPS or glass (hard surfaces). The studies have shown that a cell culture on these hydrogels 
preserved the immunophenotyping and mechano-sensibility of the hMSCs but lost on hard 
surfaces. This suggested that these polymeric networks had a positive influence on the hMSCs’ 
fate by keeping their pluripotency. Finally, the soft substrates allowed exclusively the 
differentiation into a specific lineage, yielding adipocytes.  
In the third project, a hybrid hydrogel has been established using both inorganic and organic 
materials to produce a nanocomposite. The hydrogel was virus responsive giving a double 
response, both an optical and a mechanical response to Influenza virus. We combined the use 
of gold nanoparticles for their optical properties, polysaccharides (sialic acid) for their 
specificity to Influenza virus and polyols for their ability to produce a highly swellable 
hydrogel. Besides the unique optical properties of gold nanoparticles displaying a color change 
visible by naked eyes, they also offer the possibility to anchor multiple molecules and 
biomolecules preventing at the same time any leaching out of the network and a better stability. 
The polyols (polyethylene glycol and dendritic polyglycerol) produced a bio-orthogonal 
hydrogel by strain-promoted azide-alkyne cycloaddition, which represents a suitable 
environment for biospecies by preventing their denaturation and any unspecific interaction. In 
addition, to enhance the specificity of the system, we used a bioimprinting procedure and used 
the virus as a template to create specific recognition sites. Specific recognition of macro-
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biomolecules such as virus represents a challenge and a responsive system giving a double 
response to viruses is unique to this date. We present here a proof-of-principle that any virus 
and more generally any multivalent molecule can be recognized in a responsive polymer 
network by responding with a color change and shrinkage detectable by eyes. Given the 
specific molecules and imprint technique, these hydrogel features make it a customizable 
network for the desired application. 
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6 Kurzzusammenfassung 
Die Herausforderungen im Bereich der Biomaterialie hat zur Entwicklung von drei 
verschiedenen Hydrogelen geführt, die in dieser Arbeit auf Basis von dendritischem 
Polyglycerin und Polyethylenglykol hergestellt wurden. Diese Polymere wurden aufgrund 
ihrer Bioverträglicheit, der Möglichkeit einer variablen Funktionalisierung und der Fähigkeit, 
die mechanischen Eigenschaften des resultierenden Materials auf die gewünschten 
Anwendungen abzustimmen, ausgewählt.  
Im ersten Projekt war es das Ziel, ein bioaktives Material zu entwickeln, das spezifisch für den 
Antikörpernachweis reagiert, in dem Peptide in einer Matrix als Fänger-Liganden 
immobilisiert werden. Die Herausforderung besteht darin, die Peptide zu immobilisieren, ohne 
ihre biologischen Funktionen zu verändern durch Konformationsänderung, Denaturierung oder 
Auswaschen aus dem System. Der schnell vernetzende bio-orthogonale Ansatz zum Aufbau 
der Hydrogele war daher für die Biosensorik gut geeignet, da er auch an die gewünschte 
Anwendung angepasst werden konnte. Hierbei wurden Hydrogele eingesetzt, um 3D-
Strukturen für Biosensorik-Strategien zu entwickeln und diese in ihrer Empfindlichkeit, 
Belastbarkeit und Stabilität zu optimieren, da diese Faktoren zu Fehlern in der Messmethode 
führen können. Ein weiterer Aspekt ist die Möglichkeit der Miniaturisierung des Systems, z.B. 
durch den Einsatz von Microarrays. All diese Aspekte fehlen in bestehenden 2D-Systemen, die 
jedoch in gegenwärtige Biosensore eingesetzt werden. Das Ziel dieser Arbeit besteht darin, die 
bestehenden 2D-Systeme durch die Vorteile eines 3D-Hydrogel Ansatzes zu verbessern.  
Um die Biosensorfähigkeit unserer Systeme zu ermitteln, charakterisieren wir zunächst die 
Hydrogele im Nano- und Mikromaßstab in Abhängigkeit von vier verschiedenen 
Molekulargewichten der Linker, die die mechanischen Eigenschaften und die Morphologie 
solcher Materialien beeinflussen. Die Hydrogele zeigen ein bemerkenswertes Quellvermögen 
um den Faktor 100 und ein Höhenausdehnungsverhältnis um den Faktor 8. Für die 
Biosensorcharakterisierung erhielten wir ein spezifisches und selektives 3D-Detektionsmodell 
mit einer siebenmal höheren Belastbarkeit im Vergleich zu 2D-Arrays, einer höheren 
Empfindlichkeit von 20 % und einer Nachweisgrenze von bis zu 27 pg/ml.  
Im zweiten Projekt haben wir ein strukturiertes, weiches Nanokomposit-Hydrogel als 
Grundgerüst für Gewebekulturen vorgeschlagen. Stammzellen auf eine bestimmte 
Entwicklungslinie zu lenken und dabei ihre Pluripotenz zu erhalten, ist eine Herausforderung. 
Dennoch bleibt die Wiederherstellung kaputten Gewebes unter der Haut eine schweringe 
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Aufgabe. Neuere Studien haben gezeigt, dass die Kultivierung von hMSCs auf typischen TCPS 
oder Glas (Hartsubstraten) die intrinsischen Funktionen dieser Zellen beschädigt. Was mit 
zunehmender Anzahl der Durchgänge zu einem Verlust der Stammzellfähigkeit führt. Darüber 
hinaus verlieren die Zellen ihr Differenzierungspotenzial in der Adipogenese. Die 
Stammzellfähigkeit ist definiert als mechano-sensor-Fähigkeit, Immunphänotypisierung und 
Differenzierungspotenzial. Um diese Eigenschaften der Zellen zu erhalten, haben wir eine 
gewebeähnliche, zellreaktive Plattform entwickelt. Diese ist definiert durch die mechanischen 
und morphologischen Eigenschaften des Hydrogels, welches in einer bio-orthogonalen 
Klickstrategie und Au-S-Chemie hergestellt wird. Wir erhielten Nanokomposite mit der 
Steifheit im Bereich von Lebergewebe (< 2 kPa). Um den Einfluss der Matrix auf hMSCs zu 
ermitteln, haben wir die mechanischen Eigenschaften der Hydrogele als Funktion von zwei 
verschiedenen Molekulargewichten von PEG-Linkern untersucht. Nach der Untersuchung der 
Fortbewegung von hMSCs auf zwei unterschiedlich gemusterten Oberflächen (wrinkled oder 
creased) und der Beurteilung der starken Bindung von hMSCs an die Hydrogele wurden 
Stammzellfähigkeit und Differenzierungspotenzial mit einem Einfluss der Veränderung der 
mechanischen Eigenschaften und der Organisation des adhäsiven Peptids (RGD) bestätigt. Wir 
haben angenommen, dass solche Systeme das Verhalten und die Morphologie der Zellen 
beeinflussen würden und dass sie ihre Steifheit im Vergleich zu unbeschichtetem TCPS oder 
Glas (harte Oberflächen) beibehalten würden. Die Ergebnisse haben gezeigt, dass die 
Immunphänotypisierung und Mechanosensitivität der hMSCs auf diesen Hydrogelen erhalten 
bleibt und beim Anbau auf harten Oberflächen verloren geht. Dies deutet darauf hin, dass diese 
Hydrogele einen positiven Einfluss auf die Entwicklung der hMSCs haben, da sie ihre 
Pluripotenz erhalten. Zudem führten die weichen Substrate ausschließlich zur Differenzierung 
in eine bestimmte Linie, wodurch Adipozyten entstanden.  
Im dritten Projekt wurde ein Hybrid-Hydrogel etabliert, das sowohl anorganische als auch 
organische Materialien zur Herstellung eines Nanokomposits beinhaltet. Das Hydrogel erzeugt 
eine optische als auch eine mechanische Reaktion auf das Influenzavirus. Wir kombinieren die 
Verwendung von Goldnanopartikeln für ihre optischen Eigenschaften, Polysaccharide 
(Sialinsäure) für die Spezifität auf das Influenzavirus und Polyole um ein Hydrogel zu 
erzeugen. Neben den optischen Eigenschaften von Goldnanopartikeln, die eine mit bloßem 
Auge sichtbare Farbveränderung aufweisen, bieten sie auch die Möglichkeit, mehrere 
Moleküle und Biomoleküle zu verankern, um ein Austreten aus dem Netzwerk zu verhindern 
und die Stabilität zu erhöhen. Die Polyole (Polyethylenglykol und dendritisches Polyglycerin) 
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reagieren durch Azid-Alkyn-Cycloaddition zu einem bio-orthogonalen Hydrogel, welches eine 
geeignete Umgebung für Biospezies darstellt, indem es deren Denaturierung und unspezifische 
Wechselwirkungen verhindert. Um die Spezifität des Systems zu erhöhen, haben wir ein 
Bioimprinting-Verfahren verwendet und das Virus als Maske verwendet, um spezifische 
Erkennungsstellen zu erzeugen. Die spezifische Erkennung von Makro-Biomolekülen, wie 
einem Virus, stellt eine Herausforderung dar. Und ein reaktionsschnelles System, das auf Viren 
doppelt reagiert, ist bis heute einzigartig. Wir stellen hier einen Nachweis des funktionierenden 
Prinzips vor, in dem Viren oder andere multivalente Moleküle in einem Polymernetzwerk 
schnell erkannt werden können. Dieses Polymernetzwerk reagiert darauf durch Farbänderung 
und Volumenverkleinerung, die mit bloßem Augen erkannt werden kann. Aufgrund der 
spezifischen Molekülinteraktion und der Imprint-Technik sind diese Hydrogele ein variables 
System für passende Sensor-Anwendungen. 
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